Hard-surface contact primes the conidia of Colletotrichum gloeosporioides to respond to plant surface waxes and a fruit-ripening hormone, ethylene, to germinate and form the appressoria required for infection of the host. Our efforts to elucidate the molecular events in the early phase of the hard-surface contact found that EGTA (5 mM) and U73122 (16 nM), an inhibitor of phospholipase C, inhibited (50%) germination and appressorium formation. Measurements of calmodulin (CaM) transcripts with a CaM cDNA we cloned from C. gloeosporioides showed that CaM was induced by hard-surface contact maximally at 2 h and then declined; ethephon enhanced this induction. The CaM antagonist, compound 48/80, completely inhibited conidial germination and appressorium formation at a concentration of 3 M, implying that CaM is involved in this process. A putative CaM kinase (CaMK) cDNA of C. gloeosporioides was cloned with transcripts from hardsurface-treated conidia. A selective inhibitor of CaMK, KN93 (20 M), inhibited (50%) germination and appressorium formation, blocked melanization, and caused the formation of abnormal appressoria. Scytalone, an intermediate in melanin synthesis, reversed the inhibition of melanization but did not restore appressorium formation. The phosphorylation of 18-and 43-kDa proteins induced by hard-surface contact and ethephon was inhibited by the treatment with KN93. These results strongly suggest that hard-surface contact induces Ca 2؉ -calmodulin signaling that primes the conidia to respond to host signals by germination and differentiation into appressoria.
Conidia of many plant-pathogenic fungi sense physical or chemical signals from the plant surface to trigger germination and differentiation into an infection structure called the appressorium that is required to successfully penetrate into the host plant (10, 30) . In anthracnose fungi belonging to the genus Colletotrichum, several species have been reported to produce appressoria in response to physical signals related to the topography of the leaf surface (17, 20, 31) . Chemical signals have also been suggested to induce appressorium formation (14, 25) . Germination and appressorium formation by Colletotrichum gloeosporioides were found to be induced specifically by the surface wax of its host but not by other plant waxes (27) . Recently ethylene, the host ripening hormone, was found to signal germination and appressorium formation and thus help this fungus to time its infection to coincide with the ripening of the host fruit (11) .
The signal transduction pathways involved in the perception of the various signals leading to infection structure formation are unclear. The use of inhibitors of protein kinases and protein phosphatase suggested that protein phosphorylation is involved in the induction of appressorium formation by Colletotrichum (12) . A calmodulin (CaM) antagonist inhibited both germination and appressorium formation in Colletotrichum trifolii (9) , implying that Ca 2ϩ and CaM could function in the infection process. In C. gloeosporioides the response to host wax and ethylene requires the contact of conidia with a hard surface for a 2-h period (12) . This hard-surface contact may be a touch-like response, which has been found to induce CaMlike proteins in Arabidopsis thaliana (2) . On the basis of these observations we postulate that the hard-surface contact which primes the conidia to respond to chemical signals might use the CaM and CaM kinase (CaMK) signaling pathway in this early phase of interaction with the host. Here we present evidence that strongly supports this hypothesis. We also present evidence that a selective inhibitor of CaMK inhibits the melanization of the appressorium and that scytalone, an intermediate in melanin synthesis, can partially overcome this inhibition, suggesting that the CaMK inhibitor affects melanin synthesis at a step prior to that involving scytalone.
MATERIALS AND METHODS

Materials. C. gloeosporioides, isolated from avocados, was provided by Dov
Prusky (Volcani Centre, Bet Dagan, Israel). Cultures were maintained at 25°C on potato dextrose agar (PDA). KN93, U73122, and compound 48/80 were obtained from Calbiochem (La Jolla, Calif.). Ethephon (2-chloroethylphosphonic acid), EGTA, and other general reagents were purchased from Sigma (St. Louis, Mo.). Scytalone was a generous gift from Yasuyuki Kubo at Kyoto Prefectural University, Kyoto, Japan.
Tests for inhibition of germination and appressorium formation by inhibitors. Germination and appressorium formation were tested on a cover glass surface as described previously (11, 27) . Briefly, conidia from cultures grown on PDA for 3 to 5 days were harvested and washed with ice-cold water twice. Conidia (10 3 ) were suspended in 100 l of 10 M ethephon, which is known to produce ethylene in water (12) , and the suspension was applied to a cover glass surface exposed by a 1-cm-diameter hole in the papafilm that was attached to the cover glass. The spore suspension containing 10 M ethephon was mixed with appropriate concentrations of CaMK inhibitor KN93, phospholipase C inhibitor U73122, CaM antagonist compound 48/80, or Ca 2ϩ chelator EGTA. The cover glasses were placed on polystyrene petri plates, and the plates were wrapped with aluminum foil to prevent inhibitor degradation by light and incubated for 18 h in the dark at 24°C. Germination and appressorium formation were recorded as described previously (27) . To determine at which stage the inhibitors affect germination and appressorium formation, the inhibitors were added after different time periods without inhibitors and germination and appressorium formation were assessed at the end of the total 18-h period. Without inhibitor, virtually all of the conidia (Ͼ98%) germinated and almost all of them (Ͼ95%) formed appressoria after the 18-h incubation that was used in all experiments. Percent germination includes all conidia that germinated including those which formed appressoria. Percent inhibition of germination and percent inhibition of appressorium formation are based on the values obtained without the inhibitor.
Melanin synthesis inhibition and partial recovery of melanin synthesis by adding scytalone. Conidia (10 3 ) were suspended as described above in a mixture of 10 M ethephon, 20 M KN93, and 1 mM scytalone. Germination and appressorium formation were assessed as indicated above. Spore samples were stained with lactophenol cotton blue, and pictures were taken with a Zeiss microscope.
Protein phosphorylation. Protein phosphorylation was examined according to the methods described previously (12) with minor modifications. Spores (10 6 in 1 ml) were incubated for 3 h with 100 Ci of carrier-free disodium [ 32 P]phosphate (Du Pont). One-half of the spore suspension (5 ϫ 10 5 spores) was transferred to a Pyrex glass plate (150 mm in diameter) containing 20 ml of H 2 O and ethephon (10 M) with or without KN93 (20 M) for the time periods indicated in Fig. 8 . At the end of incubation, conidia were harvested by scraping them off the plate with a rubber policeman and were recovered in a 2-ml microcentrifuge tube by centrifugation at 12,000 ϫ g for 2 min. After being washed with water, conidia were broken in 400 l of a buffer containing 10 mM Tris-HCl (pH 7.0), 1% ␤-mercaptoethanol, and 1% sodium dodecyl sulfate (SDS). Aliquots were assayed for radioactivity, and fractions containing 250,000 dpm of 32 P were boiled for 5 min after a buffer (20% by volume) containing 60 mM Tris-HCl (pH 6.8), 25% glycerol, 2% SDS, 14.4 mM ␤-mercaptoethanol, and 0.1% bromophenol blue was added; the aliquots were then subjected to SDS-12% polyacrylamide gel electrophoresis. After the gel was dried, protein bands were analyzed either by a PhosphorImager (Molecular Dynamics) or by autoradiography.
Isolation of total RNA for RNA blot analysis. Conidia harvested from 3-to 4-day-old cultures were washed twice with ice-cold water, and 5 ϫ 10 5 conidia suspended in 20 ml of water were placed in each of 30 Pyrex glass petri plates (150 mm in diameter) and incubated for different periods. At the end of incubation, conidia were harvested as described above and recovered by centrifugation at 12,000 ϫ g for 10 min. The conidia were homogenized in 500 l of a buffer (50 mM LiCl, 25 mM Tris-HCl (pH 7.6), 35 mM EGTA, 0.5% SDS)-500 l of phenol-chloroform (50:50 [vol/vol]) with a Mini-bead beater (Biospec Products, Bartlesville, Okla.) for 5 min. After centrifugation at 12,000 ϫ g for 5 min, the upper layer was transferred to a new tube and extracted with chloroform. RNA, precipitated by adding an equal volume of 4 M LiCl, was recovered by centrifugation at 12,000 ϫ g for 10 min.
For RNA blot analysis total RNA (1 to 3 g) was dissolved in a mixture containing 50% formamide, 16% formaldehyde, 20 mM MOPS [3-(N-morpholino)propanesulfonic acid], 5 mM sodium acetate, and 1 mM EDTA (pH 7.0) and incubated for 15 min at 65°C. Denatured RNA was subjected to electrophoresis on a 1.2% agarose gel containing 0.66 M formaldehyde and was blotted onto Nytran membranes (Schleicher & Schuell). Prehybridization and hybridization were performed at 65°C overnight in 6ϫ SSPE (0.9 mM NaCl, 5 mM EDTA, 50 mM NaH 2 PO 4 , pH 7.4)-5ϫ Denhardt's solution (0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin)-0.1% SDS-100 g of sheared salmon sperm DNA per ml. The 32 P-labeled probe was prepared by randomprimed labeling (Amersham). After hybridization the membranes were washed for 20 min at ambient temperature in 2ϫ SSPE-0.1% SDS. Additional washing was carried out with 0.1ϫ SSPE-0.1% SDS at 65°C for 20 min. The membranes were exposed to X-ray film at Ϫ80°C.
Cloning of a cDNA segment encoding CaM from C. gloeosporioides by RT-PCR. RNA (30 g) was transcribed by SuperScript II H Ϫ reverse transcriptase (RT) (BRL) with oligo(dT) to produce the first-strand cDNA in a 50-l reaction mixture. After a 25-fold dilution of the first-strand reaction mixture with water, a 2-l aliquot was used for PCR in a 50-l reaction mixture with the following primers: sense primer, 5Ј-ATG GC(G/C) GAC TC(C/T) CT(G/T) AC(C/T) GAA G-3Ј; antisense primer, 5Ј-TTA (C/T)TT (C/T)TG CAT CAT (A/G)AG (C/T)TG G-3Ј. The PCR procedure consisted of an initial denaturation step at 94°C for 2.5 min and 40 cycles of the following steps: denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 30 s. A last elongation step was performed at 72°C for 15 min. The PCR product was analyzed on a 1% agarose gel and cloned into a pCR2.1 vector (Invitrogen), yielding pCM3.
Cloning of a cDNA segment encoding CaMK by RT-PCR. After the first-strand cDNA was synthesized with SuperScript II H Ϫ RT (BRL) as described above, the resulting cDNA was used as a template to amplify the kinase with the following degenerate primers: sense primers, 5Ј-GA(C/ Center for Biotechnology Information (1). The one that had the greatest homology to CaMK was used as a probe for screening a cDNA library.
Isolation of a CaMK cDNA clone. After the first-strand cDNA was synthesized from 60 g of total RNA with SuperScript II H Ϫ RT (BRL), the second-strand cDNA was synthesized with a cDNA synthesis kit (Promega). After remnant RNA was digested with RNase A, cDNA was purified with a Geneclean kit (BIO 101), ligated with an EcoRI adapter, and used to construct a library in a ZAPII vector (Stratagene). The library was screened with the PCR fragment from the above step as the probe, and the insert from a positive clone was excised following the procedure provided by Stratagene to yield pBluescript plasmid pCgCMK, which was completely sequenced and analyzed as indicated above.
Nucleotide sequence accession numbers. The sequences obtained during this study have been assigned GenBank accession no. AF034963 and AF034964.
RESULTS
Induction of CaM in conidia of C. gloeosporioides by hardsurface treatment and by ethephon. Previous experiments showed that induction of appressorium formation by host signals such as wax and ethylene required prior hard-surface contact of the conidia and that protein phosphorylation was involved in this process (12, 15) . Conidia incubated on a soft surface such as 2% agar or agarose did not produce appressoria regardless of the presence of ethylene, although they germinated under this condition (data not shown), and a hydrophobic soft surface, petroleum jelly, did not allow appressorium formation (21) . We reasoned that the hard-surface contact may be a touch-like stimulus, which has been shown to elevate CaM mRNA levels in Arabidopsis thaliana (2) . To test whether hard-surface treatment of fungal conidia induces CaM synthesis, we first cloned CaM from C. gloeosporioides by PCR with primers designed from the CaM of other filamentous fungi such as Neurospora crassa and Aspergillus oryzae (23, 34) . This approach yielded a single product that was sequenced to reveal an open reading frame (ORF) of 450 bp encoding 149 amino acids, the sequence of which was identical to those of CaM from N. crassa and C. trifolii (9a) . At the nucleotide level the CaM cDNA from C. gloeosporioides showed 87 and 88% identity with those of N. crassa and C. trifolii, respectively. To analyze the genomic organization of the Colletorichum cam gene, genomic Southern blot analysis was performed with the cDNA as the probe (Fig. 1) . BamHI digestion yielded a single band, whereas SstI digestion with or without BamHI showed two bands as expected from the presence of an internal SstI site in the cDNA. These results indicate that CaM of C. gloeosporioides exists as single copy, as found for other fungi (23, 28) . RNA blot analysis of total RNA from conidia resting on a hard surface in the absence ( Fig. 2A) or presence (Fig. 2B ) of ethephon showed that the CaM cDNA hybridized to a single major RNA band of approximately 1,300 bp. This analysis showed that the CaM transcript level reached a maximum after 2 h of contact with the hard surface and then declined. Quantitation by a phosphorimager showed that the amount of RNA increased 2-fold after 30 min and 11-fold after 2 h of contact with the hard surface. Ethephon treatment of the conidia resting on the hard surface enhanced the level of CaM transcripts. The amount of RNA increased 8-fold after 30 min and 13-fold after 2 h in the presence of ethephon. To test whether a CaM antagonist has an inhibitory effect on germination and appressorium formation, compound 48/80 was used (32) . Compound 48/80 completely inhibited both germination and appressorium formation at 3 M (Fig. 3) .
Cloning of CaMK from C. gloeosporioides. The involvement of CaM in the early steps in conidium germination and appressorium formation suggested the possibility that CaMK may be also involved in this process. To test this possibility, we examined whether CaMK transcripts are present in the hard-surface-treated conidia. We used an RT-PCR approach to isolate (Fig. 4) . CgCMK contains the CaM binding domain (boxed in Fig. 4 ) and the 11 conserved kinase domains. Inhibition of germination and appressorium formation by selective inhibitor of CaMK KN93. To determine whether CaMK is involved in germination and appressorium formation, we tested the effects of selective inhibitor KN93 (22) on germination and appressorium formation induced by ethephon on a hard surface. Germination and appressorium formation were severely inhibited by KN93 (Fig. 5) . The inhibition was detected at around 10 M KN93; at 20 M KN93 50% inhibition of germination and appressorium formation was observed, and at 80 M nearly complete inhibition was observed (Fig. 5A ). Previous observation of appressorium formation induced by ethephon showed that the C. gloeosporioides conidia began to germinate within 3 to 5 h and that the tip of the germ tube began to swell within 5 to 9 h (11). A mature appressorium with a dark brown cell wall appeared after 10 to 12 h. To test at which stage the inhibitor interferes with germination and appressorium formation, KN93 was added to the solution into which conidia were placed at various periods after the incubation started (Fig. 5B) . KN93 inhibited more than 50% of the germination when it was added within 4 h of the beginning of incubation with ethephon on a hard surface. Appressorium formation was more severely inhibited: more than 80% of appressorium formation was inhibited by the same treatment. The addition of KN93 after 6 h had very little effect on germination and appressorium formation. These results suggest that CaMK affects germination and appressorium formation in the early phase of hard-surface contact.
Effect of KN93 on melanization of the appressorium and appressorial morphology. Microscopic examination of the appressoria formed in the presence of KN93 showed that this compound not only decreased the frequency of appressorium formation but also affected the structure of the appressoria that were formed. Without KN93, conidia of C. gleoesporioides produced highly melanized black appressoria (Fig. 6A) . How- ever, at around 20 M KN93 less than 50% of the conidia produced appressorium-like structures and these structures showed much less melanization. Under such conditions the appressorium-like structures showed unusual morphological features including not-well-rounded shapes, long germ tubelike structures, and additional appressorium-like structures arising from the original appressorium, as illustrated in Fig. 6B , C, and D. In all of these cases the lack of melanization was obvious. To determine whether the inhibition of appressorium formation and melanization by KN93 involved steps prior to the formation of a key intermediate in melanin synthesis, scytalone, we tested whether exogenous scytalone, which is known to be incorporated into melanin (19) , could reverse the effect of KN93. When conidia were incubated in 1 mM scytalone-20 M KN93-10 M ethephon there was no measurable effect on the degree of inhibition of appressorium formation. However, the appressorium-like structures formed in the presence of scytalone showed melanization even when the appressoria were not well rounded (Fig. 6E ) and no secondary growth from the appressoria was found. These observations suggested that CaMK inhibited melanization at some step(s) prior to the formation of scytalone.
Involvement of Ca 2؉ in germination and appressorium formation. CaMK involvement in germination and appressorium formation is expected to involve Ca 2ϩ (4) . To test whether Ca 2ϩ was involved in germination and appressorium formation, the effect of specific Ca 2ϩ chelator EGTA was tested (Fig.  7A) . The inhibition of germination and appressorium formation by EGTA began at around 2 mM and reached 50% at 5 mM, with severe inhibition at 16 mM. The cytosolic Ca 2ϩ concentration can be elevated by a release from intracellular stores via receptor-generated second messengers (3) . One common mechanism is the release of internal Ca 2ϩ by IP 3 generated by phospholipase C. To test for the possible involvement of this mechanism in germination and appressorium formation, the effect of U73122, an inhibitor of phospholipase C (35), on germination and appressorium formation was tested. This inhibitor was found to be highly effective in inhibiting germination and appressorium formation, with complete inhibition at 64 nM (Fig. 7C) . To test at which stage EGTA and U73122 interfere with germination and appressorium formation, inhibitors were added to the solution in which conidia were placed after various periods of incubation on the hard surface with ethephon ( Fig. 7B and D) . The addition of EGTA within 2 h of hard-surface contact caused 84 Ϯ 4% inhibition of appressorium formation and 56 Ϯ 2% inhibition of germination. The addition of EGTA during subsequent periods caused much less inhibition; in all cases appressorium formation was more severely inhibited than germination (Fig. 7B) . U73122 addition during the early period of hard-surface contact (2 to 3 h) caused severe inhibition of appressorium formation and less inhibition of germination (Fig. 7D) . These results suggest that Ca 2ϩ is involved in the early phase of germination and appressorium formation.
Inhibition of protein phosphorylation by CaMK inhibitor in the early phase of germination and appressorium formation. To test for the possible involvement of phosphorylation in the early phase of induction of germination and appressorium formation, in vivo protein phosphorylation caused either by hardsurface treatment or by hard-surface and ethephon treatment of conidia was examined. Conidia placed in 2-ml tubes rotating at 7 rpm were incubated with carrier-free disodium phate for 3 h to achieve 32 P-labeling of the nucleotide pools. After this 3-h treatment, conidia were placed on a Pyrex glass plate with or without ethephon, and the protein phosphorylation pattern was monitored for a 2-h period. As shown in Fig.  8A , protein phosphorylation was apparently increased by hardsurface treatment compared to that of a control in which the conidia remained in the rotating tube; the protein phosphorylation was further enhanced by ethephon treatment. Two proteins of 18 and 43 kDa were more heavily labeled as a result of hard-surface and ethephon treatment (Fig. 8A) . The phosphorylation of these proteins increased over a treatment period of up to 2 h.
Quantitation of the phosphorylation shown in Fig. 8B by a PhosphorImager showed that the application of KN93 to conidia at the time of their transfer to the Petri dish decreased the labeling of 18-and 43-kDa proteins by 50 and 30%, respectively. These data indicated that KN93 was an inhibitor of the fungal kinases involved in germination and appressorium formation induced by hard-surface and ethephon treatment.
DISCUSSION
Hard-surface contact is essential for the conidia of many fungal pathogens to germinate and form appressoria (13, 31) . In C. gloeosporioides this differentiation process was found to be induced by host surface wax and ethylene. However, the response to these chemical signals required prior hard-surface treatment for a 2-h period (12) . Conidia treated with a soft surface such as 2% agar or agarose exhibited only germination without appressorium formation regardless of the presence of ethylene (data not shown). The molecular events triggered in the conidia by the hard-surface contact are not understood. Since this contact may be a touch-like stimulus that is known to induce CaM-like proteins in Arabidopsis thaliana, we tested whether CaM is involved in signaling the conidial contact of the hard surface that is required for germination and appressorium formation in fungi. We cloned the C. gloeosporioides CaM and found it to be identical to CaM in other fungi (9a, 23) . Transcript level measurements showed that during the contact with the hard surface CaM transcripts were induced to a maximum level after 2 h of contact, and ethylene enhanced CaM induction.
If CaM is involved in germination and appressorium induction, CaMK might be involved in this process. We cloned a putative cDNA for CaMK with transcripts from hard-surfacetreated conidia of C. gloeosporioides and found it to be homologous to those encoding two other fungal CaMKs and yeast CaMKs so far cloned (16a, 18, 26) . No CaMK gene from phytopathogenic fungi has been cloned heretofore. In support of our identification of the cDNA cloned from C. gloeosporioides as that encoding CaMK, the deduced amino acid sequence contains the CaM binding domain and the 11 conserved kinase domains. The involvement of CaMK in germination and appressorium formation was strongly suggested by the inhibition of germination and appressorium formation at a low concentration of a selective inhibitor of CaMK. The microscopic examination clearly showed that KN93 inhibited not only appressorium formation but also melanization. Lack of melanization was associated with development of unusual structures such as long germ tubes, the swelling of these secondary germ tubes, and the formation of appressorium-like structures from the original appressorium. Such structures were very similar to those observed with C. gloeosporioides conidia treated with protein phosphatase inhibitor calyculin A (12) and with the melanin-deficient albino mutants of Colletotrichum lagenarium (19) and Magnaporthe grisea (6) . When the melanization was restored by the addition of scytalone, even in the presence of KN93, the appressorium that was formed did not develop the unusual secondary structures from the original appressorium-like structures. The recovery of melanization by the albino mutants with exogenous scytalone also prevented the development of the unusual structures in C. lagenarium (19) . Present and previous reports (19) suggest that the melanized walls normally constitute the limiting structural barrier of the appressorium and that in the absence of such a struc- tural constraint the appressorium continues to produce protrusions such as long germ tube-like and appressorium-like structures. Which step(s) in scytalone synthesis is inhibited by KN93 is not known. In any case, since scytalone could not reverse the inhibition of appressorium formation caused by KN93, it is likely that KN93 inhibited not only melanin synthesis but also other biochemical reactions involved in appressorium formation. Ca 2ϩ has been reported to be necessary for germination and appressorium formation (8) . Our results with EGTA suggest that Ca 2ϩ is necessary for germination and appressorium formation in C. gloeosporioides, and this observation is consistent with the suggested involvement of CaM and CaMK in this process as in other fungi such as Penicillium notatum (29) and C. trifolii (9) . The strong inhibition of germination and appressorium formation by phospholipase C inhibitor U73122 suggests that release of internal Ca 2ϩ by IP 3 may be involved in this differentiation process. The inhibition of germination and appressorium formation by U73122 could also indicate that the involvement of the other product of phospholipase C, diacylglycerol, in the activation of protein kinase C might play a role in germination and appressorium formation. Although protein kinase C has not been shown to be involved in germination and appressorium formation in this fungus, such a possibility cannot be ruled out.
The initial hard-surface contact, that presumably primes the conidia to respond to chemical signals, induces protein phosphorylation as shown by the enhanced 32 and ethylene involves unique and shared phosphorylation pathways (12) . The present results indicate the involvement of another kinase during the very early phase of germination and appressorium induction by hard-surface contact. CaMK has been shown to affect nuclear division during cell cycle and hyphal growth in Aspergillus (7). Recent results have provided evidence for the involvement of cyclic AMP-dependent protein kinase (24) as well as adenyl cyclase (5) and mitogen-activated protein kinase in appressorium formation by M. grisea (33) . The molecular events triggered by hard-surface contact of the conidia represent the earliest communication between a fungus and its host. Since such a prior contact appears to be necessary for the chemical signals from the host to trigger germination and appressorium formation, the contact-triggered events play a crucial role in host-pathogen interaction. The CaM and CaMK involvement in the early signal transduction probably triggers the expression of a set of genes whose expression may prime the conidia to respond to the host's chemical signals. We have recently isolated a set of these early genes, including one that encodes a ubiquitin-conjugating enzyme (21) . The response to the chemical signals involves the induction of another set of genes. Several genes induced by the chemical signals have been previously cloned (16) , and disruption of one of them was found to allow the formation of normal-looking appressoria with drastically decreased virulence. Such early processes may offer new targets for intervention in the host-pathogen interaction to protect plants.
